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ABSTRACT
Brin, Wesley. M.S.Egr. , Department of Mechanical and Materials Engineering,
Wright State University, 2013. Design and Fabrication of an Eddy Current Brake
Dynamometer for Efficiency Determination of Electric Wheelchair Motors.

Electric wheelchairs have a considerable impact on improving the quality of life for the
millions of disabled persons around the world. These modern pieces of technology offer freedom
and mobility for disabled persons to interact with the world outside of their homes. The goal of
this project is to assist in advancements of conventional electric wheelchairs. This includes
replacing the heavy, bulky, and inefficient lead acid batteries and worm gear drive systems with
lithium-ion batteries and wheel hub motors in order to decrease weight and size, and increase
efficiency.
This master thesis research is focused on designing, fabricating, and testing an eddy current
brake dynamometer that can effectively determine the efficiency of the newly implemented wheel
hub motor system at operational speeds. The importance of measuring the efficiency of the wheel
hub motors used is to verify that they have a sufficient efficiency that would increase running
time, extend traveling distances, and increase reliability. Because of the low speeds and high
torque required, geared wheel hub motors were used instead of brushless permanent magnet hub
motors. In this research, SolidWorks was used for modeling and to create an engineering drawing
packet. The components of the dynamometer were machined and fabricated with a lathe and a
milling machine. MATLAB was utilized for the calculations. With the help of the dynamometer
platform, it was determined that the wheel hub motors have a higher efficiency but only at higher
speeds. Although the geared hub motors used compromise some efficiency in order to produce
greater torque at low speeds, they are light weight with compact size and have a much lower cost
making them ease for maneuverability and economically feasible for next generation wheelchairs.
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1 INTRODUCTION
Millions of disabled persons around the world depend upon wheelchairs to get
around and complete daily tasks that most take for granted. Power wheelchairs are
primarily used by people with both upper and lower body extremity impairments that
result from disabilities such as spinal cord injury, muscular dystrophy, and cerebral palsy.
Electric wheelchairs are not only limited to people with typical mobility impairments, but
can also assist people with cardiovascular limitations. The other main users of electric
wheelchairs are people who have lost the ability to travel short distances by foot and
require electric wheelchairs to run errands such as grocery shopping

[1].

Without this

modern piece of technology disabled persons wouldn’t be able care for and provide for
themselves or interact with the world outside their homes. Electric wheelchairs greatly
improve to quality of life for disabled persons by offering freedom and mobility.
This project was aimed at aiding the development and improvements of the current
electric wheelchairs by decreasing weight and size, and increasing efficiency by
employing Lithium-ion batteries and wheel hub motors.

An eddy current brake

dynamometer was designed, fabricated, and tested such that it was capable of measuring
the efficiency of the newly implemented wheel hub motor system at operational
wheelchair speeds. It is important to measure the efficiency of the newly implemented
wheel hub motors as to verify that they have a high efficiency and sufficient torque
output. A high efficiency is desired in the motor system such that battery life can be

1

extended which in turn increases running time, distances that can be traveled, and
reliability.

2

1.1 Wheelchair Improvement
The drive system of typical electric wheelchairs is comprised of two electric motors
and drive trains made up of gears or belts to couple and transmit power from the motors
to the drive wheels. These two motors are usually permanent magnet DC motors that
utilize two 12 volt batteries in series to provide a 24 volt supply. While running under no
load, permanent magnet motors can achieve an efficiency of about 70%. However, these
motors have an efficiency of about 45% while running under loads typical of power
wheelchairs. This decrease in motor efficiency while under loads decreases battery life
and efficiency by increasing the amount of current drawn from the battery [1].
The gearing system of the electric wheelchair can also have a great effect on the
efficiency of the entire drive system. One of the main sources of power loss, vibration,
and noise in gearing systems is sliding friction between gear teeth. The influence of tooth
friction has a considerable impact on the efficiency of the system, especially at low
speeds. Surface finish, contact conditions, and lubrication are the main factors in
determining the power losses of tooth friction in a drive train made up of gears

[2].

Involute gear drives and worm gear drives are the two typical gear dive systems used on
electric wheel chairs. The teeth of involute spur geared systems are parallel to the axis of
the gear and project out radially. Worm gears have teeth that are not parallel to the gear
axis and are usually set at a large angle. Involute spur geared systems transmit power
with an efficiency of about 90-95%, but tend to be larger, louder, and heavier than worm
gears. Worm geared systems have an efficiency around 70-80%, and are generally more
compact, weigh less, and are less noisy

[1].

Overall spur gears transfer power more

efficiently than worm gears of comparable size. Power loss in worm gears trains result
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from sliding contacts between gear teeth that generates heat which in turn reduces the
efficiency. In a worm gear train, the helical gear tooth is set at an angle making it larger
allowing the system to generally handle more load than spur gears. Worm gears also
produce a quieter power transfer, because the teeth engage a little at a time compared to
spur gears that engage with the entire face at once. In mechanical system where low noise
is a main design criteria and power can be compromised and it is for a high speed
application, worm gears are typically used. When efficient power transfer and noise isn’t
too much of a problem, and it is for a low speed application, spur gears are more
beneficial [3].
One of the main problems with most electric wheelchairs are that they are powered by
heavy lead-acid batteries and driven by permanent magnet motors with geared drive
systems. This tends to make the wheelchair heavy, bulky, and generally less energy
efficient. The added weight of the heavy lead-acid batteries and gear trains increases the
amount of load on the electric motors has a substantial impact on its efficiency. The
electric wheelchair redesigned in this project was a Jazzy 1113 power chair shown in
Figure 1.

Figure 1 Jazzy 1113 Power Chair [4]
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The Jazzy 113 is equipped with two U-1 batteries (12 volt rechargeable sealed
lead acid batteries). These are 31-35 amp hour batteries and provide power to two
permanent magnet motors driving two worm gear drive trains in Figure 2 [4].

Figure 2 Worm Gear Drive [5]

The Jazzy 1113 provides a disabled person a level of mobility and has a sufficient
platform, but it has much room for improvement. With design modifications it was made
to be much more energy efficient, compact, and reliable.
In order to drastically improve this conventional electric wheelchair the drive and
power systems had to be upgraded. The two 31-35 amp hour sealed lead acid batteries
were replaced with lighter more efficient 50 amp hour LiFePO4 batteries made by
Optimum Battery Co., Ltd. LiFePO4 batteries have an energy efficiency of about 95%
whereas lead acid batteries have an energy efficiency of about 60%. The cycle life of
LiFePO4 batteries is greater than 2000 while lead acid batteries have a cycle life of about
400. The self-discharge rate of LiFePO4 batteries is only 8%/month, considerably less
than the 20%/month self-discharge rate of lead acid batteries. The charging time of
LiFePO4 batteries is about 25% of that of lead acid batteries. The terminal voltage of
LiFePO4 batteries is also more stable during discharge than lead acid batteries. The only
5

down fall to using LiFePO4 batteries is their high price

[6].

By upgrading the batteries

used on this electric wheelchair the efficiency, range, and reliability notably increased.
Because the original electric motors and worm gear drive trains were bulky, heavy,
and wasted energy, they were replaced with wheel hub motors that are much lighter,
more compact, and more efficient.

Wheel hub motors are electric motors that are

integrated into the wheel hub to drive the wheel directly and are beneficial because of
their compact size and efficiency. The wheel hub motors chosen to replace the original
electric motors and worm gear drive systems, were 1DY-E2Wheel type dc motors
manufactured by Changzhou DUOYOU Electromotor Co., Ltd. They have a power rating
of 180W and operate at 24 volts. These wheel hub motors incorporate a thin plate printed
armature winding a high strength and high wear resistant compact spur gear system. They
have a large starting torque and good low running speed performance [7].
This wheel hub motor system increases efficiency by reducing the amount of energy
loss in both the electric motor and gearing system. Also by replacing the drive train
system and by replacing the heavy lead acid batteries with LiFePO4 batteries the weight
was significantly reduced decreasing the amount of load on the electric motors and thus
increasing their efficiency. Figure 3 shows the redesigned electric wheelchair.
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Figure 3 Redesigned Electric Wheelchair

Wheel hub motors are not only beneficial because of their efficiency, but also because
of their compact size. They make the redesigned electric wheel chair much smaller than
conventional models, allowing the user to pass through doorways and down hallways
with ease. Because of this decrease in size and tight turning radius, the redesigned electric
wheel chair now works well in compact or crowded spaces such as apartments, schools,
and stores. The added space provided from using wheel hub motors can be used for
storage, power seating, and respirators. Overall this new design is more compact and
efficient.

7

1.2 Wheel Hub Motors
Wheel hub motors are a solution to improving the electric wheel chair because of
their efficiency and compact size due to being integrated in the wheel hub. The majority
of electric wheelchairs power their drive wheels with permanent magnet motors, utilizing
iron magnets, brushes, and indirect drive motors. These drive systems aren’t as efficient
as they should be. The main source of mechanical power loss can be attributed to the
gearing system in the indirect drive train. Gears are subject to wear and can break
requiring expensive repairs. Brushes in the motor are the main source of electrical power
loss and are liable to wear and may eventually require replacement. One solution to this
problem is to use a brushless permanent magnet DC motor (Figure 4). BLDC motors can
have a higher efficiency and power density than conventional motors [8].

Figure 4 BLDC Motor [9]

BLDC wheel hub motors are a very simple designed drive system. Essentially the
electric motor is the wheel hub. A group of permanent magnets are distributed on the
inside surface of the hub rotor and the stator winding are mounted to the axle. The hub
then rotates when current flows through the winding of the stators

8

[9].

When designed

using appropriate rotor magnets, stator slots, and stators, a high efficiency and high
torque can be obtained at low speeds

[8].

The disadvantages of the BLDC wheel hub

motors systems is that they tend to be expensive and relatively large and heavy when
compared to their power output. In order to get a sufficient amount of power and torque
at low speeds the motor has to be large because the power density is proportional to the
speed between the rotor magnets and stator windings

[9].

BLDC wheel hub motors were

not chosen to be used in the redesigned electric wheel chair, instead printed circuit
motors with a compact gearing system were chosen because of their more compact size,
weight (less than half of similar BLDC), and cost.
Printed circuit motors also known as “servodisc motors” or “brushed pancake
motors” are an ironless or coreless motor. An exploded view of a printed circuit motor is
show below in Figure 5.

Figure 5 Printed Circuit Motor Exploded View [10]

The windings of this motor are printed or stamped onto a thin disc fiber glass
circuit board rotor which rotates through the air gaps of permanent magnet pairs around
9

the disc. These windings extend out in loop across the disk. Current flows from brushes
to conductive metal commutations and then through the winding of the disc. The current
flowing in a loop radially from the axis to the disc edge creates an axial magnetic field.
This is much different than conventional electric motors that have a radial magnetic field.
A torque is induced on the disk by the current passing through the magnetic fields
causing the shaft to rotate illustrated in Figure 6

[11].

Printed circuit motors are a better

choice than traditional iron core motors because their design is much more efficient and
doesn’t include heavy iron armatures. A large number of commutations create a much
smoother torque output [10].

Figure 6 Printed Circuit Motor Operation [11]

Printed circuit motors have a high power to weight ratio and effectively generate
high torque. They are light weight and have very thin axially flat packaging profile great
for use in confined spaces. They have a rapid start-stop and precise electronic motor
control primarily for application requiring accurate positioning. Printed circuit motors
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have a great level of performance in both continuous speed and incremental motion that
is not achievable in traditional iron core motor designs. Because of their compact size,
efficiency, high torque, and controllability, printed circuit motors are an ideal choice for
electric vehicle applications [12].
The wheel hub motors used on the redesigned electric wheel chair were selected
because of their efficiency, compact size, and light weight. Shown in Figure 7is wheel
hub motor used on the redesigned electric wheel chair.

Figure 7 Wheelchair Hub Motor

As mentioned before, the electric motor driving the wheel hub is a printed circuit
motor selected because of its size, high torque output, controllability, and efficiency. This
printed circuit motor is shown in Figure 8. Magnets are housed peripherally around the
printed disc and carbon brushes are mounted on the hub. This printed circuit motor has
eight poles.
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Figure 8 Wheel Hub Printed Circuit Motor
This hub motor drive system is uses spur gears to reduce the high speed of the fast
and efficient printed circuit motor to a controllable low speed of the wheel. In a geared
system the electric motor is typically spinning at high rpms, such that a much smaller
motor can deliver the same torque at a larger motor

[9].

Electric motors run better and

more efficient at higher rpms and gearing systems allow these motors to generate a
greater torque efficiently. BLDC hub motors must be larger and heavier to produce
required these torques

[13].

Geared hub motors typically weigh about half as much as an

equivalent BLDC hub motor, and usually have a greater torque output. The disadvantages
to geared systems are that they are prone to wear and produce noise

[9].

The gearing

system used in the wheel hub motors of the redesigned wheel chair are shown in Figure
9.
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Figure 9 Wheel Hub Gearing System
The hub motor uses a few spur gears to transfer the rotational energy from the printed
circuit motor to the wheel hub. A small gear connects the printed circuit motor to a larger
gear. This larger gear is mounted on a shaft with another small gear that is off center of
the axle. This small gear then turns the hub gears teeth thus rotating the wheel. This setup
has an overall gear ratio of 20. The gear configuration is illustrated in Figure 10.

Figure 10 Gear Configuration
13

1.3 Dynamometers
In order to understand the power output and efficiency of these wheel hub motors
used on the redesigned electric wheelchair, a dynamometer was designed, fabricated, and
tested. A dynamometer is a device that measures the power output of an engine, motor, or
transmission. The motor being tested is mechanically linked to the dynamometer by a
drive shaft and while it is running the dynamometer exerts a braking force on it and
resists the rotation of the motor. Dynamometers can provide a desired torque and speed
under controlled conditions

[14].

A dynamometer is made up of several components

including a resistance mechanism, shaft with bearing, strain gage, and speed sensor.
Typically dynamometers dissipate large amounts of heat and require some method of
cooling such as air circulation, water circulation, or a heat exchanger. This

entire

dynamometer assembly is fixed to a robust frame and coupled to the motor being tested.
The strain gage can be used to measure the torque produced by the motor and speed
sensor measures the angular velocity. By knowing these values, the brake power or
output power of the motor can be calculated

[15].

If the input power for the motor is

known, than the efficiency of the motor can be simply calculated.
There are several types of dynamometers that use different methods to induce a
braking force on motors being tested. To name a few there are friction, hydraulic, water
brake, electric generator, and eddy current dynamometers. Dry friction dynamometers
involve a mechanical braking device consisting of a belt or brake shoe rubbing on a shaft
or rotor. Increasing tension on the belt or increasing the force on the brake shoe, increases
the braking force on the motor. Hydraulic dynamometers consist of a hydraulic pump,
where the motor drives an impellor or gear type pump. The hydraulic pump portion is
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connected to a fluid reservoir by piping. A valve located between these two parts varies
the amount of braking force acting on the motor by adjusting the amount of back pressure
on the hydraulic pump

[15].

A water brake dynamometer involves of bladed rotor that

churns in water past stator cups. The rotor is driven by the motor being tested and the
amount of braking force is controlled by the fill level and the amount of flow through the
system. The more water inside the stator housing, the greater the braking force is that is
applied to the motor being tested

[16].

Electric generator dynamometers are made up of

either an absorption unit consisting of an alternating current motor or direct current
motor. When an electric motor is mechanical driven it can act as a generator and will put
a load on the motor driving it. This load comes from permanent magnets inducing current
in with coils of wire. The braking force created on the motor being tested is changed by
varying the load resistance and current in the generators windings [14]. Eddy current brake
dynamometers operate in a somewhat similar way to electric generator motors. Instead of
generating electricity, eddy current brakes are supplied with electricity to power its
electromagnetic stators. In an eddy current dynamometer, the motor being tested spins a
conductive disk or rotor past electromagnetic stators. When the conductive rotor cuts
through the magnetic flux generated by the stators, eddy currents are induced. These eddy
currents produced create a magnetic resistance on the rotor. The greater the magnetic
field produced by the stator the greater the amount of breaking force produced on the
motor

[15].

Because of their speed-torque characteristics and advantages such as control,

maintenance, and simplistic design, an eddy current brake based dynamometer was
chosen to be designed, constructed, and used for testing the newly implemented wheel
hub motor systems on the redesigned electric wheelchair [14].
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1.4 Eddy Current Theory and Eddy Current Dynamometer
In order to design and manufacture an eddy current dynamometer for a specific
application such as the newly implemented wheel hub motors on the electric wheel chair,
one must fully understand the theory of eddy currents first. Eddy currents are circulating
currents induced in conductive plates by a changing magnetic flux or by moving through
a magnetic field. Illustrated in Figure 11 is the formation of eddy currents in a conductive
plate passing through a magnetic field. The changing magnetic flux passing through the
plate as it enters or leaves the magnetic field induces an emf that forces free electrons to
move in a swirling fashion, creating eddy currents. As the plate enters the magnetic field
the eddy currents act in the counterclockwise direction, and as the plate leaves the
magnetic field the eddy currents act in the clockwise direction [17].

Figure 11 Formation of Eddy Currents [17]
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Lenz’s law states that the magnetic field generated by induced current must oppose the
magnetic field that produced it. Because of this, eddy currents move in a direction to
generate a magnetic field that opposes the change in magnetic flux that created the
current. These magnetic poles on the plate created by eddy currents are repelled by the
poles of the magnet producing a repulse force on the plate, opposing motion [17].
An eddy current brake operates at a much similar principle to a conductive plate
swinging through a magnetic field, except that instead of a conductive plate it uses a
conductive disc rotating in a magnetic field. Electromagnet stators are mounted in a
circular fashion around the disc such that they produce a magnetic field perpendicular to
the plane of the disc. An illustration of eddy currents induced on a rotating conductive
disc is shown in Figure 12 [18].

Figure 12 Eddy Currents Induced on a Rotating Disc [18]
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According to Lenz’s law, the eddy currents are produced when entering or leaving the
magnetic field and they swirl in a way to produce a magnetic field that resists change.
The magnetic fields produced create a torque that opposes direction of rotation of the
rotor

[18].

At a constant magnetic flux passing through the rotor, the opposing torque

increases with the speed of the motor driving the dynamometer

[14].

When the current

supply to the coils of the electromagnets is increased, the magnetic field produced is
increased and the braking force is also increased. Eddy current brakes need sufficient
cooling because they dissipates mechanical energy into a thin rotor and produce a lot of
heat [19].
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2 THEORETICAL ANALYSIS AND DESIGN
Before the eddy current brake dynamometer could be fabricated and used for
testing the power and efficiency of the newly implemented hub motors on the electric
wheelchair, much analysis and design had to be completed. In order to aid in the
calculations, MATLAB was utilized to create code and a GUI to help in creating a
feasible design. After the design parameters and requirements of the system were
computed, the dynamometer could be designed. Components of the system and
engineering drawings were created in SolidWorks. These engineering drawings were
later used during manufacturing with a lathe and milling machine.
The primary thing to consider when designing an eddy brake to be used as a
dynamometer is what torque it needs to produce and at what angular velocity. In order to
figure this out one must first look at the specifications of the electric motor to be
analyzed. In this case the wheel chair hub motor has a rated power output of 180 W

[7].

The range of this motor to be measured is 35 to 170 RPM. Because the wheel diameter is
8 in., the range of speed that the dynamometer was tested is about 0.83 to 4 mph. Typical
operational speeds for a wheelchair traveling between destinations falls in this range and
is comparable to walking speeds which is generally about 3mph.
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2.1 Design Calculations
In a dynamometer, for the range to be measured, the torque produced must be
greater than that produced by the motor. Because the torque produced by an eddy brake
increases with speed, the eddy brake is designed such that the minimum torque it
produces is equal to that produced by the motor at the minimum rotational speed or 35
RPM in this case.
The mechanical power output motor can be computed by
.

(2. 1)

If the power ratting of the electric motor and the angular velocity is known, then the
torque that could be produced at minimum speed can be computed as shown.
(2. 2)

The actual torque produced will be less than this because the wheel hub motor is not
100% efficient. There are always losses in converting electrical energy to mechanical
energy. However, because the efficiency of the wheel hub motor is unknown, this value
of torque will be used as the torque required to be produced by the eddy current brake at
minimum speed. Once it is acquired the required braking force of the eddy brake can be
found by rearranging
.

(2. 3)

Depending of the radius of the rotor disk to be used and torque output of the electric
motor the braking force is calculated by
.
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(2. 4)

Once the required braking force of the eddy brake is found the eddy current brake
and stator unit could be designed. To aide in the calculations for design, the J. H.
Wouterse model for low speed eddy current brakes was used. Wouterse perceived that
during the rotation of a rotor in an eddy current brake, an electrical field was induced
perpendicular to both the magnetic induction and the tangential speed of the rotor. If the
speed of the disk is low with respect to the critical speed at which maximum torque
would occur, than the magnetic induction caused by the eddy currents is negligible
compared to the air gap induction at zero speed. Because of this, the magnetic induction
perpendicular to the plane of the rotor can be assumed to equal the air gap induction at
zero speed. Based on this observation the proposed model for low speeds is represented
by the following two equations [19].
(2. 5)

[

(

) (

)

]

(2. 6)

The braking force is dependent on the disk radius, disk thickness, specific resistance of
disk material, tangential speed of the disk, diameter of the soft iron poles, and the air gap
induction at zero speed.

is a ratio of total contour resistance to resistance of contour

part under pole. If the total braking force required to be produced by the eddy current
brake is known and the material of the rotor and diameter of the stator poles have been
chosen, then by rearranging Eq. (2.7) the required amount of magnetic induction that
needs to be produced by the stator unit can be calculated by
√
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.

(2. 8)

The value of

can then be divided by the number of stator magnets
,

(2. 9)

in order to find the amount of induction that needs to be produced by each stator magnet
individually. After the value of induction per stator is known and the area of air gap for
the C-frame magnets is chosen, the magnetic flux per stator can be solved for by
.

(2. 10)

Once the magnetic flux per stator is found and the size of the C-frame magnets is chosen,
the next step in designing the electromagnet stators is to find the total reluctance of each
stator. The total reluctance was found by adding the reluctance of the core,
,

(2. 11)

to the reluctance of the air gap,
.

(2. 12)
(2. 13)

When the number of turns per coil is selected and it can then be used to calculate the
amount of current required to pass through the inductance coils of each stator magnet in
order to produce the required magnetic flux and thus the required braking force

[20].

The

required current of stator coils can be found by
.
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(2. 14)

To see what power supply would be needed to produce the required amount of
current, the resistance of the stator unit would have to be calculated first. Knowing the
number of wire turns and stator size, the length of magnet wire can be estimated. With
the total length of wire to be used in the stator unit, the total resistance of the stator unit
can be found by
.

(2. 15)

Using both the amount of current and total resistance in the stator unit the voltage and
power ratting of the power supplies needed to power the eddy current brake can be easily
calculated by
(2. 16)

and
.
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(2. 17)

2.2 MATLAB Program
A MATLAB GUI was created to help in designing the eddy current dynamometer
and keeping it a feasible design. A screen shot of the created program is shown below in
Figure 13.

Figure 13 Dynamometer Designer Program

The user inputs the following data: motor power, minimum and maximum speeds to be
measured, the diameter of the soft iron pole, the rotor radius, thickness, and material, the
number of stators, the number of turns per stator, the width and length of the C-frame
electromagnet, and the wire gauge to be used. The program then outputs the following
information: the minimum torque that needs to be produced by the eddy brake, the
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current required in the stator unit, turns per layer and number of layers in the stator
winding, the diameter of the windings around the stator, the length of wire per stator and
for the entire brake, the resistance of the entire stator unit, the power supply voltage and
power required. The power ratting for the motors being tested is 180 Watts and was
entered in the program for “Motor Power”. The slower the speed the greater the torque is
required to be produced by the eddy brake making it much larger and much more
expensive, so the minimum speed chosen to be measured was 35 RPM. This minimum
speed would give a sufficient range of typical wheelchair operation during traveling
between places. In this segment of code Figure 14, the program converts from 35 RPM to
rad/sec, and divides the power rating of the motor by it to find the minimum torque
required by the eddy brake to be 49.1 Nm.

Figure 14 Minimum Torque Code

Once the desired torque of the eddy brake was acquired the desired braking force of the
eddy brake was found by using the rotor radius. The diameter of the soft iron poles were
chosen to be 1 inch. The radius and thickness of the rotor were chosen to be 6 inches and
0.187 inches. The material of the rotor was selected to be Copper because it has a lower
specific resistance than Aluminum and would require less of a magnetic field to generate
the required braking torque. By using Wouterse’s model for low speed eddy brakes, the
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required total air gap induction for the eddy brake was calculated with the code shown in
Figure 15.

Figure 15 Air Gap Induction Code

The required amount of magnetic inductance that needed to be produced by each stator
was found by dividing the total air gap induction by the number of stators. The magnetic
flux per stator was easily found with the user input dimensions of the c-frame iron stator
magnets. Using the dimensions and air gap, the total reluctance (magnetic resistance) per
stator was computed by calculating and adding the reluctance of the core and reluctance
of the air gap, assuming 5% fringing.
The code shown in Figure 16 computes the amount of current in the stator
winding to be 5.16 Amps by using the calculated magnetic flux and total reluctance per
stator and the user input number of turns per stator.
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Figure 16 Stator Wire Current Code

Figure 17 contains the segment of code that computes the length of magnet wire that is
required for the stator unit. The wire gauge selected was 16 gauge (0.051 inch diameter)
and was chosen for the amount of current it could safely handle. The stators have about
78 turns per layer and about 11 layers, making the stator coil have a diameter of about 2.1
inches. The length of magnet wire per stator is about 237 feet and about 1422 feet for
total length of wire for the stator unit.
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Figure 17 Magnet Wire Length Code

In Figure 18, the code computes the required voltage and power ratting of the power
supply the will power the stator unit. By using the resistivity of Copper and cross
sectional area and total length of magnet wire the resistance of each stator unit was found
to be 5.52 Ω. By applying Ohm’s Law, the required voltage for the stator unit would be
28.5 volts, and by multiplying the current and voltage the required power supply rating
was found to 147.4 Watts, thus making this a feasible design.
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Figure 18 Power Supply Code

The complete code of the MATLAB program can be found in Appendix A. After trying
several different materials, dimensions, and number of windings, the output shown in the
screen shot of Figure 13 Dynamometer Designer Program is the most feasible for creating
the required torque on the wheelchair hub motor.
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2.3 SolidWorks Design
SolidWorks was utilized to create engineering drawings, 3D models of parts, and
combined parts in an eddy current brake assembly. It is a great tool for aiding in the
design of the eddy brake, because three dimensional representations of parts were created
and could be easily modified. These parts were put together in a complete assembly of
the eddy current brake allowing problems such as tolerances between how parts fit
together made visible so corrections could be made accordingly. This saved much time
by knowing that the created design of the eddy current brake parts would fit together
without any major issues.
Understanding the failures of a previous design for a high speed eddy current brake
dynamometer greatly helped in creating a better working design of a low speed eddy
current brake dynamometer. By knowing these previous failures, they were overcame and
prevented in the low speed design. The previous high speed eddy current brake
dynamometer was designed for an electric motor that is used for RC airplanes shown in
Figure 19 and had a power rating of 800 watts.

Figure 19 800 Watt RC Airplane Motor
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The high speed range of rotational speed to be measured from this motor was
2000 to 4000 RPMs. The design used an aluminum rotor with a thickness of 0.125 inches
and a diameter of 2.5 inches. It had 12 stator poles (6 stator pairs, a stator on each side)
with diameters of 0.5 in. and lengths of 1.5 in. The number of turns of copper wire per
core was approximately 316 and it was calculated that approximately 500 feet of wire
would be needed for each of the two stator units. The power supply available delivered 3
Amps of current through the stator coils. The SolidWorks model of this design is shown
in Figure 20.

Figure 20 High Speed Eddy Current Brake Dynamometer Design

During assembly and testing many problems with this design became apparent.
The main source of these problems of this design originated with the stator unit. Because
the rotor material was aluminum, a stronger magnetic field had to be produce to meet the
required braking force. The magnetic field also had to be stronger because of the large air
gap between the rotor and stators caused by the stator holding plates on the rotor side
securing the stators. In order to achieve this stronger magnetic field, many stators with
many coil winding had to be used. Because of the small size of the stator cores, there was
a problem with the stators holding the many layers of coils. It was difficult to keep the
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coils tight and neat, and because of this the stators had a shortage of coils. There was also
a problem with how the stator cores were secured into place. In the stator plates, recessed
holes the diameter of the stator cores were cut and the stator cores were inserted into
them and the plates were fastened together shown in Figure 21.

Figure 21 Stator Core Recesses
In order to properly secure all of the stators in place, the long screws of the stator
holding plates had to be fastened a considerable amount. In doing this the aluminum
holding plates would bend and cause the stators to not be perfectly in line with each
other. The bending of the holding plates also made it difficult to maintain the integrity of
the air gap. The stator holding were also not supported properly. Because they were only
secured at the base and not supported at the top, they flexed and vibrated during
operation.
Much thought was used in creating a design for the low speed eddy current brake
dynamometer that would prevent prior problems. This design had to produce a much
stronger magnetic field than the previous because it would be operating at low speeds
with much greater torque. There were several differences in this design that would
increase the magnetic field. A copper rotor was used instead of aluminum of its low
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specific resistance. A much more power supply was used such that the current in the
winding of the stators could be increased and thus decreasing the amount to coils. Cframe magnets were implemented in this design, because a closer air gap could be used
and controlled much more easily.
A design solution that would hold the stator magnets in place and easily maintain
the integrity of the close tolerance between the rotor and the air gaps of the stators and
secure them rigidly had to be found. The first solution would involve tapping and bolting
the magnets into place, but the effects of the bolts and tapped holes on the magnetic flow
through the magnet were unknown. The second and conservative solution, was a design
using aluminum brackets to clamp and hold the magnets in place (Figure 22). This design
holds the stators together such that the rotor can rotate though the air gaps of all the
stators and keep the required air gap.

Figure 22 SolidWorks Stator Unit
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This low speed dynamometer design is much more stable and reliable than the
previous high speed design. In this design the electric wheel hub motor is coupled
together to the eddy brake with a rotary socket torque sensor made by omega. This sensor
allows the torque data to be collected while the hub motor is rotating the rotor of the eddy
current brake. The completed assembly of the eddy current brake dynamometer is shown
in Figure 23.

Figure 23 SolidWorks Dynamometer Assembly

SolidWorks was used to create an engineering drawing packet that contained
engineering drawings made from 3D representations of each part. These engineering
drawings contained the parts features and dimensions to be used during the
manufacturing and assembly process. The complete drawing packet can be found in
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Appendix B. At the beginning of the engineering drawing packet is a bill of materials that
shows the completed assembly with all parts numbered and parts quantities. The
numbered assembly is shown in Figure 24 and the corresponding bill of materials is
shown in Figure 25.

Figure 24 Dynamometer Numbered Assembly
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Figure 25 Dynamometer BOM
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3 FABRICATION AND MANUFACTURING
By using the SolidWorks drawings created, all parts were fabricated and
manufactured with a lathe and milling machine. Most components of the dynamometer
needed to be either milled or turned. Milling allows for parts to be machined to precise
sizes and shapes. A milling machine utilizes rotary cutters to shave chips of material off a
part with each pass it is fed though. The blades of the cutter are designed to make many
individual cuts on the material in a single pass. This is accomplished by using feeding the
material though at a slow rate, using a cutter with many teeth, and spinning the cutter at a
high speed. Turning allows for cylindrical parts to be produced to precise diameters and
shapes. Turing can be done on either the external surfaces of the cylinder or the internal
surfaces, also known as boring, to create holes and tubular parts. Turning processes are
typically done on a lathe. On a lathe the part is clamped and rotated while a tool bit is
advanced toward it, shaving pieces of the material off. The tool’s movement could be
used to create a straight edge or curves and angles in the piece. By machining all parts in
house instead of going through a machine shop, much money and time was saved and a
considerable amount of experience and knowledge was gained.
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3.1 Milled Components
The first component of the system fabricated was the C-frame electromagnets. The
cast iron came in 12.25 inch sections and had to be cut down into 6 inches. Because the
horizontal band saw was not strong enough to cut through the tough cast iron, a milling
machine equipped with a small 2 flute end mill was used to slowly cut the 6 inch
sections.

Figure 26 6 Inch Cast Iron Sections

A wire EDM was first considered to be used to cut out the c-frame magnets, but
because one was not available, a milling machine had to be used. A ¼ inch end mill was
used to cut the air gap slot. It was very important that each slot is located in the exact
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same position of each magnet because the small air gap makes for a very close tolerance
between the rotor and the stators. The inner portion of each of the six c-frame magnets
were slowly and carefully milled out, taking much time. It was found that using a low
speed and only cutting at a depth of 10 mils worked best for cutting the hard cast iron.

Figure 27 C-Frame Magnet Machining

After all the c-frame magnets were machined and measured to be correct, the sharp edges
were filed off. It was important to file the sharp edges to prevent cuts and nicks in the
magnet wires coating when the coils are wrapped around the stator.
The aluminum brackets for holding the stators in place were then machined next.
The 24 sections of the aluminum angle were rough cut with the horizontal band saw.
Using the milling machine the edges were all milled flat at the same time, such that they
were all symmetric with the same dimensions.
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Figure 28 Aluminum Stator Brackets

Using a digital caliper the position of the holes were measured and then marked with a
maker using one of the angle brackets as a straight edge. The milling machine was set up
in a fashion that the brackets could be inserted into the vise quickly and the holes could
be drilled accurately without having to set up the machine each time.

Figure 29 Stator Bracket Hole Measurements

After all the stator brackets were machined and the correct dimensions were verified, the
sharp edges were filed off and the burrs were removed from the holes by hand with a
larger drill bit.
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The next part machined was the stator holding plates. The outer dimensions were
cut out of MDF board with a circular saw. These parts were difficult to machine because
their large size would prevent them from fitting in the vise. The holes could not be
measured by hand and drilled with a drill press because they needed to be accurate such
that the stator brackets could be mounted in the correct position. A solution was found,
by removing the vise and using spacers and bolts with washers to fashion the stator
holding plates to the milling machine table. When the bolts were tightened down a square
was used to properly align the holding plates.

Figure 30 Fastening Stator Holding Plates

Both holding plates were held together with c-claps so that they were machined at the
same time and would be symmetric. The center of the holding plates was measured and
once the milling machine was lined up to it, the display was set to zero. The display was
then used for the measurements to each of the holes.
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Figure 31 Stator Holding Plates Machining

When machining the base panels, the vise was able to be used by removing the clamping
blocks from the inner sides of the vise and attaching them to the outer sides. The motor
base panels were first cut with a circular saw and then held together with c-claps so that
they were machined at the same time. The locations of the first hole was measured by
hand and then from this reference the other hole locations were found by using the digital
display.

Figure 32 Motor Base Panels Machining
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In a very similar way the sensor base panels and the short base panels where machined.
For these panels notches for some stator bracket bolts were added by using a half inch
end mill to easily cut a slot in the correct location.

Figure 33 Sensor Base Panel Machining

Figure 34 Short Base Panel
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Using the horizontal band saw, the bearing mounts were rough cut out of
Aluminum channel. The bearing mounts were then placed in the milling machine and the
rough cut edges were milled flat and to the correct dimensions.

Figure 35 Bearing Mounts Rough Cut

For each of the bearing mounts, one of the four bolt holes was measured and marked with
digital calibers. The digital display was then zeroed at this holes location and then used to
find the locations of the other three holes.

Figure 36 Bearing Mount Bolt Holes
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After the mounting bolt holes were drilled, the bearing holes were drilled. The location of
these holes were measured and marked with digital calibers. The part was mounted in the
vise and the center was found. The table was locked in position and the display was
zeroed so that it could be made sure that table didn’t move. The bearing holes were
carefully drilled, first starting with a small bit and then working up to larger bits.

Figure 37 Bearing Hole Machining

Once all the holes were drilled and the machining had been completed on the bearing
mounts, the burrs and sharp edges wear removed by filling.

Figure 38 Bearing Mounts After Machining
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In order to raise the torque sensor to the correct height such that it is centered with
the motor and rotor shafts, a spacer was made. The torque sensor spacer was first rough
cut out of a ¼ inch thick Aluminum bar and then the edges were milled flat and to the
correct dimensions. The location of one of the four bolt holes was measured and the
digital display on the milling machine was used to find the locations of the other holes.
After the torque sensor spacer was machined the part was deburred.

Figure 39 Torque Sensor Spacer

The motor base, short base, and sensor base were all machined in a very similar
fashion. They were first rough cut out of Aluminum channel with a horizontal band saw.
They were individually clamped in the vise, the edges were milled flat and the parts were
made their appropriate length. Very much like the other parts milled, a reference hole was
first measured with digital calibers and the display of the mill was zeroed at this location.
From this reference, the location of all the other holes on that plane could be easily found.
After the parts were fabricated and the dimensions were found to be correct, the burrs
were removed.
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Figure 40 Motor Base Machining

Figure 41 Motor Base, Short Base, Sensor Base

The next parts machined were the panel support bars. They were cut out of an
extruded 1x1 inch bar of Aluminum. In order speed up the rough cutting process, a
metallographic abrasive saw equipped with a blade for soft non-ferrous metals was used
to cut the panel support bars.
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Figure 42 Metallographic Saw Cutting Panel Supports

The center hole location on one panel support bar was marked an measured. The display
of the milling machine was zeroed at this location and the mill was set up so that the
unmarked parts could be inserted and the hole could be quickly drilled in the correct
location. After the holes were drilled and the burrs were filled, the holes were taped to
¼-20 threads. The tap was clamped in a tee handle and cutting fluid was applied to tap.
The tap was turned clockwise and then backed out a quarter turn in the opposite direction.
This prevented the tap from binding in the hole. After the threads were cut, a ¼-20 bolt
was threaded into the holes to ensure that they were threaded properly.

Figure 43 Panel Support Tapped Threads
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Panel brackets were rough cut and the edges were milled flat and to the correct
size. The location of one hole was measured and marked. Using this location and the
display of the milling machine, the holes on the other side of the bracket and the holes of
other panel bracket were easily drilled.

Figure 44 Panel Brackets

Using the metallographic abrasive saw equipped with a non-ferrous cutting blade,
the motor mount was very easily and quickly cut. Because of this parts thickness, this cut
would have taken much more time if the horizontal band saw was used instead.

Figure 45 Metallographic Saw Cutting Motor Mount
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The motor mount was clamped in the vise and the cut face was milled flat and the part
was made to be the proper length. The location of motor axle hole was measured and first
drilled with a small drill bit slowly progressing to the larger bit required. The bottom
mounting bolt holes were measured, marked, and drilled to the appropriate depth.

Figure 46 Motor Mount Machining

After the part was milled and the burrs removed, the keyway for the axle shaft was cut. A
bushing for the keyway was inserted into the axil. The keyway broach was inserted into
the slot and was pressed through. The first pass only cuts half the depth of the keyway, so
a shim was added to the bushing slot and the keyway broach was pressed through a
second time.

Figure 47 Motor Mount Keyway
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The mounting bolt holes of the motor mount were taped to ¼-20 threads. It was made
sure that the cutting fluid was used and that the tap was backed out every so often as to
prevent the tap from binding or breaking. A bolt was threaded through the freshly taped
holes to make sure they were threaded properly.

Figure 48 Motor Mount Tapped Threads

Due to the great thickness of the base block, the metallographic abrasive saw was
used to cut the base block from the large section of Aluminum.

Figure 49 Metallographic Saw Cutting Base Block
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Once the base block was rough cut and then milled flat and square, it was clamped in the
vise and carefully milled to its shape specified by the engineering drawing. The location
of the one of the three horizontal bolt holes was measured and marked and used as a
reference for the other two holes. The base block was flipped over and the vertical bolt
holes were drilled in a similar fashion. A #7 drill bit was used for these holes because
they were tapped to ¼-20 threads.

Figure 50 Base Block Machining

Figure 51 Base Block Tapped Threads
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Much thought went into machining the copper rotor for the eddy brake because of
its size and shape. The center of large sheet of copper was first measured and marked. It
was mounted in the vise and the center hole was drilled. Two offset holes were also
drilled. The vise on the milling machine was replaced with a rotary table and the two
offset holes were used to bolt the copper plate to it. The rotor was carefully turned with
rotary table, only cutting a small depth at a time until the 12 inch diameter rotor was cut.

Figure 52 Rotary Table and Copper Rotor

The rotor was then fastened to the mill with a vise again and the bolt holes for the rotor’s
hub were drilled. These holes should have been drilled prior to cutting the square plate
into the circular rotor when the center hole was drilled, but they were still able to be
drilled at this step. The center of the rotor was found by using a ½ inch end mill lowered
into the previously drilled center hole. Zeroing the digital display at center and changing
from the end mill to a drill bit of the correct size, the rotor hub bolt holes were easily
drilled in the correct location.
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Figure 53 Copper Rotor Machining and Keyway Cutting

Later after the rotor hubs had been manufactured, the keyway was cut in the rotor. The
rotor hubs were bolted to the rotor, the bushing was inserted, and the broach was pressed
through once without the shim and again with the shim. It was insured that the keyways
would line up between the hubs and rotor by bolting the rotor hub to the rotor before
cutting the keyway. It was found that rotor was very slightly warped. It occurred during
manufacturing when the copper plate was clamped in the vise to drill the center holes.
This is a problem because of the close tolerance to the stators and the air gap. With the
rotor being warped it would come into contact with the stators and created a load on the
motor by friction. Friction would skew the results of the efficiency testing with the
dynamometer because it would waste some of the mechanical energy output by wheel
hub motor as frictional heat. The first approach to fix the warped rotor was to try and
bend it back to being flat. Trying to bend it back with blows from hammers and by
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tightening c-clamps prove to be insufficient. The second approach to solving this problem
was to remove part of the warped surface until it was flat. This was done by turning the
surface of the rotor on a lathe. The rotor was fixed to the lathe by bolting the rotor to the
rotor hubs and then tightening the hub into the chuck. The rotor was carefully turned
making sure that the absolute minimum amount of material was removed in making the
rotor flat again.

Figure 54 Copper Rotor Turned

The next part machined was the wheel chair hub motor. It was disassembled so
that the outer hub could be machined. Holes need to be drilled in the hub so that it could
be attached to a small shaft Aluminum hub and turn the shaft of the eddy current brake of
the dynamometer. The hub was clamped in the vise of the milling machine and the center
was found. Using the center as a reference the locations of all the holes were found and

55

then drilled with a #21 drill bit. The bolt holes of the hub were then tapped to 10-32
threads and then reattached to the rest of the hub motor.

Figure 55 Wheel Chair Motor Hub Machining and Tapped Threads
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3.2 Turned Components
The shaft couplings were mostly machined on a lathe. A section of Aluminum rod
was cut using the horizontal band saw, such that it could fit in the chuck of the lathe.

Figure 56 Shaft Coupling Rough Cut with Horizontal Band Saw

The rough cut Aluminum shaft was tightened into the chuck of the lathe and turned to the
diameter specified in the engineering drawing. A small drill bit was tightened in the
tailstock chuck and used to drill out the center of the shaft. This step was repeated with
drill bit progressing in size, until the inner diameter of the shaft was a ½ inch diameter.

Figure 57 Shaft Coupling Turned
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Once the inner and outer diameter of the shaft met the specifications, the shaft was easily cut into
two sections with a metallographic abrasive saw. The key ways of the shaft couplings were

cut by inserting a bushing and pressing a broach through twice.

Figure 58 Shaft Coupling Cutting and Keyway

Because the rotary torque sensor was designed to be attached between two shafts
with a ½ inch drive system, ½ in drive extension had to be machined to couple to the
shafts. A ½ inch drive 3 inch socket extension was cut in half, on account that both a
female and male socket connection would need to be made to the rotary torque sensor.

Figure 59 1/2-in Drive 3-in Socket Extension
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The shaft portion of the female end of the extension was turned down to a ½ inch
diameter. It was then pressed into a shaft coupling. Holes were then drilled with a #21
drill bit on both the socket end and the keyway section of the shaft coupling.

Figure 60 1/2 inch Socket Female Machining

Both holes were tapped to 10-32 threads, such that a set screw could be inserted to insure
that the pressed fit socket wouldn’t come loose and also to secure the shaft coupling to
the key of the shaft.

Figure 61 Female Socket Shaft Coupling Tapping
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Very similarly the shaft of the male portion of the socket extension was turned
down to a ½ inch diameter and then pressed into a shaft coupling. Holes were also drilled
with a #21 drill bit on both the socket and shaft parts of the coupling. The holes were
tapped to 10-32 threads so that the connections could be secured with set screws.

Figure 62 Male Socket Shaft Coupling

The next parts to be turned on a lathe were the rotor hubs. They were first rough
cut from a large solid Aluminum shaft with a horizontal band saw.

Figure 63 Rotor Hubs Rough Cut
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The rough cut sections were fastened in the chuck of the lathe and turned to the diameter
specified in the engineering drawing. The shaft hole was drilled by driving drill bits
through with the tailstock chuck, beginning with a small one and progressing in size to ½
inch. After the center holes were drilled the rotor hub was then flipped around and the
excess material was shaved off.

Figure 64 Rotor Hub Turned
The rotor hubs were then clamped in the vise of the milling machine. The center was
found by inserting a ½ inch end mill in the center hole and the display was then zeroed.
Using the digital display the locations of the bolt holes were found and drilled. Using
broach, bushing, and shim the keyways were cut. To insure that the keyways would line
up, the hubs were bolted together and the broach was pressed through both of them,
cutting the keyways at the same time. Using a number #21 drill bit, the set screw hole
was drilled in line with the keyway and then tapped to 10-32 threads.
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Figure 65 Rotor Hub Machining

The last component of the dynamometer turned on the lathe was the motor shaft
hub. It was rough cut from the same material and in the same manner as the rotor hubs.
The motor shaft hub was tightened in the chuck of the lathe and its inner face was turned
such that it contours the shape of the wheel chair hub motor where it was later fastened
to. The center shaft hole of the hub was drill in the same way as the rotor hubs.

Figure 66 Motor Shaft Hub Turned
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The motor shaft hub was clamped in the vise of the milling machine and the center was
found. Using the digital display the bolt holes were found and drilled. The motor shaft
hub was clamped sideways in the vise and the set screw hole was drilled.

Figure 67 Motor Shaft Hub Machining

The set screw hole was tapped to 10-32 threads. The keyway was then cut by pressing the
broach through in line with the set screw hole.

Figure 68 Motor Shaft Hub Threads and Keyway
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3.3 Assembly
The portion of the magnets that were wrapped with the magnet wire was first
wrapped with fiberglass tape. The fiberglass tape acted as an insulator between the wires
and the magnet just as an added protection to prevent short circuits. The coils were neatly
wrapped all in the same direction from one end to the other and back and forth in layers
very much like a transformer’s winding. After all the coil layers were wound, a layer of
fiberglass tape was wrapped around them to keep them tightly wound and to add extra
protection. About a foot of lead of wire was left on either end in order to make a
connection with the other magnets.

Figure 69 Stator Windings

Bolts were then run through the stator brackets and tightened clamping the stators
between the Aluminum angles. It was made sure that they were seated all the way such
that the edges of the magnets were touching the bolts. This helped insure that all the air
gaps would later all be lined up with each other preventing issues of contact between the
stators and the rotor.
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Figure 70 Stator Bracket Assembly

Once the stator holding plates were machined the stators and stator brackets were
bolted to the holding plates. During assembly, the stator unit was carefully examined to
make sure that everything was square, that the magnets were all seated properly, and that
the air gaps were all aligned with one another.

Figure 71 Stator Unit Assembly
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The shaft bearings were originally supposed to be pressed into the bearing
mounts, but some of the bearing holes were slightly larger than what was specified in the
engineering drawing. This variation occurred because of vibrations in the bit during the
manufacturing of the bearing holes of the bearing mounts. This problem was easily fixed
by using 5 minute epoxy to adhere the bearings to their mounts.

Figure 72 Bearing Adhered to Bearing Mount

After the 5 minute epoxy securing the bearings in place was cured. A bearing mount was
fastened to the short base with 8-32 hardware and the short base panels were bolted to the
base using 1/4 -20 bolts and nuts.

Figure 73 Short Base Sub-Assembly
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At the completion of machining of the panel supports, the short base panels were
made sure to be aligned properly and bolted together by threading the bolts through the
panel supports.

Figure 74 Panel Support Assembly

The short base sub assembly was then attached to the stator unit by bolting the panel
brackets to the short base panels and stator holding plate.

Figure 75 Panel Brackets Attached
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The rotary torque sensor was fastened to the sensor base and the torque sensor
spacer was used to raise its height such that it would later be in line with the rotor and
motor shafts. The two bearing mounts were secured to the sensor base with the 8-32 zinc
plated hardware. The sensor base was then bolted to the sensor base panels and the panel
supports were attached as well.

Figure 76 Sensor Base Sub-Assembly

Making sure that the sensor base sub-assembly sat square and center with the stator
holding plate as well as in line with the short base assembly, the stator unit and senor
base panels were secured together with ¼-20 hardware and panel brackets.
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The motor base was aligned and bolted to the motor base panels. The panel
supports were attached to reinforce the motor base sub-assembly. The base block was
attached through its threaded holes on its bottom face.

Figure 77 Motor Base Sub-Assembly

The female and male sockets with their shaft couplings were attached to the rotary torque
sensor. The motor base sub-assembly was then connected to the sensor base subassembly by running bolts through the base block. It was made sure that everything fit
square and was in line as well as the base panels being stable and level with the floor.

Figure 78 Base Block Attachment
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Aligning the keyways, the rotor hubs were bolted to the copper rotor. One of the
stator magnets was removed and the rotor was inserted into the air gap slots of the stator
magnets. The removed stator was then re-inserted into its stator brackets and clamped
back down into place.

Figure 79 Rotor Inserted into Stator Unit

The rotor shaft and motor shaft were then measured and cut to length from a ½ inch steel
keyed shaft. Keys for the hubs and shaft couplings were also cut from 1/8” x 1/8” key stock
and their sharp edges were filed down. The rotor shaft was then inserted through the
bearings, rotor hubs, and shaft coupling at the torque sensor. The keyway slots of the
shaft and shaft coupling were aligned and a key was inserted and tightened in place with
a set screw. A key was also inserted between the rotor hubs and rotor shaft. The rotor was
then carefully centered between air gaps of the stators and its key was tightened down
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with set screws in each rotor hub. The stators were then adjusted such that the all
magnetic flux produced by the magnets would pass through the outer perimeter of the
rotor.

Figure 80 Rotor Shaft and Keys Inserted

The motor shaft was also inserted through bearings and into the shaft coupling on the
other end of the torque sensor. A key was inserted after lining up the keyway, and was
tightened into place.

Figure 81 Motor Shaft and Key Inserted
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The motor shaft hub was bolted to the motor hub through the tapped holes. The
motor hub was then reattached to the rest of the wheel hub motor. A key was inserted into
the axle shaft of the motor and the axle was then bolted to the motor mount. The motor
mount was also attached to the motor base through the tapped holes on its bottom face.

Figure 82 Wheel Hub Assembly

The insulating coating was removed from the ends of the stator magnet wires by
burning with a torch and then twisting a folded piece of sand paper over the burnt
coating.

Figure 83 Removal of Magnet Wire Insulating Coating
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By attaching the lead wires of each stator magnet to a power supply and using a small
magnet, the direction of the current flow required to produce the magnet in the required
direction was found. The direction of the magnet fields produced by the stator magnets
alternated around the stator unit. This causes the eddy currents to swirl longer and to not
dissipate as fast, which is helpful in producing a braking torque at low speeds. The
connection between each stator was made with wire nuts.

Figure 84 Stator Magnetic Field Directions

During preliminary testing two problems with the rotor and stator unit were observed.
Even after turning the rotor on the lathe it was still slightly warped, and because of
vibrations it would occasionally come into contact with the stators during rotation. The
other problem was a short circuit issue a couple of stators. Arcs of current were noticed
across the air gap of these stators and through the rotor, when the stators were active and
the rotor was rotating. The source of the short circuit problem was chafing of a few
magnet wires insulating coating on the square edge of the stator despite the insulating
fiberglass tape. Instead of unwinding the many wrapping of the stator coils and
rewrapping them, insulating tape was placed over the ends of the stator magnets. This
prevented short circuits and arcing across the rotor and air gaps. To reduce the amount of
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friction caused by the rotor slightly coming into contact with the stators, grease was
added to the rotor and the stator magnets.

Figure 85 Insulating and Greasing Air Gap

In order to minimize the amount of noise produced by electromagnetic
interference, especially with large electromagnets being used in close proximity, a
shielded cable was made for the torque sensor, linking it to the 10 V power supply and
the data acquisition system. The remote optical laser sensor was attached to a small
bracket and attached to the panel with self-tapping bolts. It was aligned with a piece of
reflective tape was placed on the wheel hub motor.

Figure 86 Completed Eddy Current Brake Dynamometer
74

4 TESTING AND RESULTS
The main purpose of using an eddy current brake dynamometer for this project was
to measure the efficiency of the electric wheel chair hub motor. Knowing the efficiency
of these wheel hub motors implemented on the newly designed electric wheel chair is
important because an efficient motor is desired. An efficient motor would mean that little
energy is wasted, allowing the wheel chair to have a longer runtime and a larger range.
The efficiency of the electric hub motor was easily found by analyzing the powers of the
motor. Using a power logger the current and voltages were recorded. The electrical
power into the wheel hub motor was found by
.

(4.1)

By using a data acquisition system to record the measurements of a rotary torque sensor
and a remote optical laser sensor attached to a tachometer panel, the corresponding torque
and angular velocity of the electric motor were collected. The mechanical power out of
the wheel hub motor was found by
.

(4.2)

Knowing both the electrical power into supplied to the motor and the mechanical power
produced by the motor the efficiency can easily be calculated by
.
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(4.3)

4.1 Testing Setup
In order to measure and record data during the testing of the electric wheel hub
motors on the eddy current dynamometer, several sensors and devices were used. The
torque between the eddy current brake and wheel hub motor was measured with
TQ502A-1.5K rotary socket torque senor made by Omega Engineering. Shown in Figure
87, it is designed to be coupled between two rotating shafts and can measure a torque up

to 1500 in. lbs. and can be used at up to 5000 RPMs. It was powered with a PSS-10 10
volt power supply also made by Omega Engineering. Its output is in terms of mV/V and
the calibration data for this sensor is in Appendix C.

Figure 87 Rotary Socket Torque Sensor

The RPMs of the electric wheel hub motor were measured with a remote optical laser
sensor (ROLS-W) and a panel tachometer (ACT-3X), shown in Figure 88, from Monarch
Instruments. The ROLS emits a class two laser and senses its refection every time a piece
of reflective tape on the hub motor moves past it. The panel tachometer converts the
pulse per revolution into a voltage output proportional to its RPMs. The panel tachometer
was set up, such that 0-200 RPMs were represented by 0-5 V.
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Figure 88 Remote Optical Laser Sensor and Panel Tachometer

The signal outputs of both the rotary socket torque sensor and panel tachometer were
attached using differential connections to an iNet-555 data acquisition system made by
instruNet, Figure 89.

Figure 89 iNet-555

The voltage and current supplied to the electric wheel hub motor was measured
and recorded with a PowerLog 6S, Figure 90, attached between the battery and the wheel
chair controller.

Figure 90 PowerLog 6S
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The wiring schematic of the data acquisition set up is shown below in Figure 91.

Figure 91 Data Acquisition Schematic
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Two 12 volt LiFePO4 batteries were attached in series adding together making 24
volts. The outputs of the batteries were attached to the input of the power logger,
recording the current and voltage. The outputs of the PowerLog 6S were attached to the
power inputs wheel chair controller connected to the wheel hub motor. The TQ502-A
torque sensor coupled between the eddy current brake and wheel hub motor had four
terminal pins. Pins A and B were connected to the 10 volt outputs of the PSS-10 power
supply and pins C and D were connected to CH1 Vin+ and CH2 Vin- of the i-510 card.
The wiring of the remote optical laser sensor was connected to the input of the panel
tachometer correspondingly: the brown wire connected to +VA, the black wire connected
to SIG, blue wire connected to COM, and the unshielded drain wire was also attached to
COM. The power input of the tach panel was attached to a 110-120 AC power cord. The
tach panel converted pulse per revolution signal into a 0-5V RPM equivalent signal. The
outputs of the tach panel were attached to the CH3 Vin+ and CH4 Vin- terminals of the i510 card. The i-510 card was connected to the i-430 and the i-410 was connected to a
powers supply and a USB cable attached to a computer. During preliminary testing the
DAQ was reading in accurate voltages for the small mV inputs of the torque sensor. After
trying several different setups, it was concluded that the DAQ was out of calibration and
was replaced. The new DAQ, measured the correct output of the torque sensor, but there
was much noise in the signals while both the panel tachometer and torque sensor were
running. This problem was solved by attaching a wire from CH4 Vin- to the ground of
the data acquisition system.
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4.2 Mechanical Synchronization
The system had to be synchronized because two separate data logging systems
were used, the iNet-555 for the torque and rotational speed measurements and the power
logger for the current and voltage measurements. If the two data acquisition systems
weren’t synchronized the data points for the electrical power in and the mechanical
power out wouldn’t align and the calculated efficiency would be very inaccurate.
The dynamometer was synchronized by using mechanical synchronization before
the start of the test. For mechanical synchronization to work, the sampling rates of both
the iNet-555 and PowerLog 6S were set to the same. The fastest sampling rate the
PowerLog 6S recorded was 0.25 samples per second, so the sampling rate of the iNet-555
was set to that. During mechanical synchronization the wheel hub motor was shocked, or
abruptly stopped and released mechanically by using a bicycles brake caliper. Preventing
the rotation of the wheel hub motor causes the rotational speed to suddenly decrease and
the current powering the motor to suddenly increase. When the motor is then released
right away, the rotational speed and current go back to what they were while the motor
was running before it was shocked. When looking at the measured data of the system
when the motor is shocked, the plot of rotational speed will have a valley and the plot of
current will have a peak. By measuring the distance between the valley and peak, the
offset could be found and the data could be synchronized.
Before the efficiency testing began, the motor was shocked three times producing
the offset plot of angular velocity and current shown in Figure 92 for data set 1.
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Figure 92 RPM and Current Unsynchronized (Data Set 1)

Each time the motor was shocked, a valley in angular velocity and a peak in current was
produced. By measuring the distance between and lining up the peaks and valleys, Figure
93, the system was synchronized such that all the data points for torque, angular velocity,
current, and voltage aligned allowing an accurate measurement of efficiency to be
calculated.

Figure 93 RPM and Current Synchronized (Data Set 1)
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Figure 94 shows the raw data of RPM and Torque during the synchronization testing.

Figure 94 Raw Data of RPM and Torque (Data Set 1)
The synchronization of data sets 2 and 3 are illustrated similarly in Figures 95 through 100.

Figure 95 RPM and Current Unsynchronized (Data Set 2)
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Figure 96 RPM and Current Synchronized (Data Set 2)

Figure 97 RPM and Torque (Data Set 2)
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Figure 98 RPM and Current Unsynchronized (Data Set 3)

Figure 99 RPM and Current Synchronized (Data Set 3)
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Figure 100 Raw Data of RPM and Torque (Data Set 3)

4.3 Results
Once the electric hub motor was shocked several times so that the testing data
recorded by the system could be mechanically synchronized, the efficiency testing was
performed. The Electro Industries power supply was attached to leads of the stator
assembly of the eddy current brake and set to 30 Volts providing about 6 Amps of current
through the stator windings. Starting from a stop the, the speed of electric hub motor was
slowly increased until it reached maximum speed. The testing was performed slowly such
that a sufficient amount of data points could be collected with the low sampling rate
required during the mechanical synchronization. The load torque, measured between the
eddy current brake and electric hub motor, and the angular velocity recorded by the iNet555 data acquisition system is shown below in Figure 101 for data set 1, Figure 102 for
data set 2, and Figure 103 for data set 3.
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Figure 101 Torque and RPM vs Time (Data Set 1)

Figure 102 Torque and RPM vs Time (Data Set 2)
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Figure 103 Torque and RPM vs Time (Data Set 3)

During testing the torque loading on the wheel hub motor increased as well as the
rotational speed. This occurred because the torque produced by the eddy current brake
increases with speed. The torque increased from about 3 to 7.8 Nm and the angular
velocity increased from 30 to 145 RPM. The plotted torque measurements are quite
unstable for several reasons. There was notable friction in the bearings used in the
dynamometer. The copper rotor was also still slightly warped, and because of the small
shaft size and small hub design, vibrations would periodically cause it to come into
contact with the stators. Grease was applied to the rotor and the stator air gaps to help
reduce the amount of friction when this occurred.
The voltage and current powering the wheel hub motor, and measured by the
PowerLog 6S between the LiFePO4 batteries and the wheel hub motor, is plotted below
in Figure 104 for data set 1, Figure 105 for data set 2, and Figure 106 for data set 3.
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Figure 104 Voltage and Current vs Time (Data Set 1)

Figure 105 Voltage and Current vs Time (Data Set 2)
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Figure 106 Voltage and Current vs Time (Data Set 3)

The voltage only decreased slightly during the testing, ranging from 24 to 23 Volts. The
current driving the motor increased a fair amount from about 5.9 to 9.6 Amps. The slight
variations in the current measurement could be attributed to the fluctuations in load
torque. Also losses in the hub motor such as electric resistance, fluctuations in magnetic
fields, and losses from the carbon brushes could also account for these variations in
current.
From using the current and voltage measurements, the electrical power in was
calculated. With the torque and angular velocity measurements, the mechanical power
out was calculated. Both electrical power in and mechanical power out were plotted
together against rpms for comparison in Figure 107 for data set 1, Figure 108 for data set
2, and Figure 109 for data set 3.
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Figure 107 Powers vs RPM (Data Set 1)

Figure 108 Powers vs RPM (Data Set 2)
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Figure 109 Powers vs RPM (Data Set 3)

Both electrical power in and mechanical power out increased with RPMs, this is because
more current is required to drive the motor at higher speeds and because more load torque
was produced at higher speeds. There is much difference between the two powers; this is
because the hub motor is not 100% efficient in converting electrical energy into
mechanical energy. The mechanical power out increases at a faster rate than the electrical
power in. This occurs because the efficiency of the hub motor increases with speed. The
power measurements are closer at higher speeds because the hub motor is more efficient
and higher speeds, and the power measurements are farther apart at lower speeds because
the hub motor is less efficient at lower speeds.
By using both the electrical power in measurements and the mechanical power out
measurements, the efficiency of the hub motor was calculated and plotted in Figure 110
for data set 1, Figure 111 for data set 2, and Figure 112 for data set 3.
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Figure 110 Efficiency vs RPM (Data Set 1)

Figure 111 Efficiency vs RPM (Data Set 2)
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Figure 112 Efficiency vs RPM (Data Set 3)

The efficiency of the wheel hub motor greatly increased with speed. The efficiency of the
electric motor ranged from about 8% to 56%. Electric motors generally are much more
efficient at higher speeds. The efficiency wheel hub motor was affected by many losses.
The main contributor to losses in the hub motor is the sliding friction between the gear
teeth. Other losses occurring within the printed circuit motor are losses from the carbon
brushes, eddy current losses of motor components, conduction losses in wiring, and also
frictional losses in bearings. The efficiency of the geared hub motor doesn’t appear to be
that great and is somewhat less than a similar sized three phase BLDC hub motor. An
efficiency contour plot of a 200W BLDC motor is shown in Figure 113.
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Figure 113 Efficiency Contour Plot of BLDC Motor [21]

From this contour plot it is shown that the high 85% efficiencies of the BLDC Motors
aren’t reached until a higher speed and efficiencies are much lower at low speeds. The
efficiencies of these motor are however, about 30% more efficient than that of the geared
hub motor. This is understandable considering that the geared hub motor has more losses
caused by friction in gearing and brushes in the printed circuit motor. A geared hub motor
compromises some of its efficiency for its light weight, compact size, and much lower
cost. Shown in Figure 114 is the efficiency results for all three sets of data as well as a
plot for the efficiency of a BLDC constructed from Figure 113. It is shows that the
efficiency of the BLDC motor is much greater than the hub motor tested and also
increases at a much slower rate. The efficiency of the hub motor tested approaches the
efficiency of the BLDC motor as the speed increases. The efficiencies measured by each
data set are quite similar.
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Figure 114 Efficiency Comparison

In order to understand how accurate and reliable the eddy current brake
dynamometer’s efficiency test was, the measured efficiency was used with the electrical
power of the motor to calculate an expected load torque measurement to be compared to
the actual load torque measurement. The expected load torque and actual load torque are
plotted together in Figure 115 for data set 1, Figure 116 for data set 2, and Figure 117 for
data set 3.
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Figure 115 Torque vs RPM (Data Set 1)

Figure 116 Torque vs RPM (Data Set 2)
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Figure 117 Torque vs RPM (Data Set 3)

As shown, using the efficiency calculated, the expected load torque measurement is quite
similar to that of the actual measurement. The average error in efficiency is 1.67% for the
full range of speed measured. This percentage of error was caused by friction in the
bearings of the dynamometer, the variations in load torque measurements, the inertia of
the rotor hub and copper rotor, and any friction occurring between the rotor and stators.
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5 CONCLUSION
This master thesis research was aimed at improving the electric wheelchair.
Modifications were made by replacing the Lead acid batteries with Lithium Ion batteries
and replacing the bulky and heavy motors and worm drive system with lighter more
efficient wheel hub motors. It was focused on designing, fabricating, and testing an eddy
current brake dynamometer that can accurately determine the efficiency of the geared
wheel hub motors implemented on the new design of the wheel chair. A high efficiency
wheel hub motor is desired because it would increase running time, extend traveling
distances, and increase reliability. MATLAB was utilized for the calculations in creating
a feasible design. SolidWorks was used for modeling the assembly and to create an
engineering drawing packet later used when the components of the dynamometer were
machined and fabricated with a lathe and a milling machine. By using the dynamometer,
it was determined that the wheel hub motors have a higher efficiency but only at higher
speeds. The geared hub motors used compromised some efficiency in order to have the
capability to produce enough torque at low speeds, be light weight and compact for
maneuverability, and have be economically feasible for future generation wheelchairs.
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APPENDIX A
MATLAB CODE
%10/5/12
%Wesley Brin
%Multiple Magnet Eddy Brake For Wheelchair Motor
function varargout = DynamometerDesigner(varargin)
% DYNAMOMETERDESIGNER MATLAB code for DynamometerDesigner.fig
%
DYNAMOMETERDESIGNER, by itself, creates a new DYNAMOMETERDESIGNER or raises the existing
%
singleton*.
%
%
H = DYNAMOMETERDESIGNER returns the handle to a new DYNAMOMETERDESIGNER or the handle to
%
the existing singleton*.
%
%
DYNAMOMETERDESIGNER('CALLBACK',hObject,eventData,handles,...) calls the local
%
function named CALLBACK in DYNAMOMETERDESIGNER.M with the given input arguments.
%
%
DYNAMOMETERDESIGNER('Property','Value',...) creates a new DYNAMOMETERDESIGNER or raises
the
%
existing singleton*. Starting from the left, property value pairs are
%
applied to the GUI before DynamometerDesigner_OpeningFcn gets called. An
%
unrecognized property name or invalid value makes property application
%
stop. All inputs are passed to DynamometerDesigner_OpeningFcn via varargin.
%
%
*See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one
%
instance to run (singleton)".
%
% See also: GUIDE, GUIDATA, GUIHANDLES
% Edit the above text to modify the response to help DynamometerDesigner
% Last Modified by GUIDE v2.5 09-Feb-2013 12:30:31
% Begin initialization code - DO NOT EDIT
gui_Singleton = 1;
gui_State = struct('gui_Name',
mfilename, ...
'gui_Singleton', gui_Singleton, ...
'gui_OpeningFcn', @DynamometerDesigner_OpeningFcn, ...
'gui_OutputFcn', @DynamometerDesigner_OutputFcn, ...
'gui_LayoutFcn', [] , ...
'gui_Callback',
[]);
if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end
if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT
% --- Executes just before DynamometerDesigner is made visible.
function DynamometerDesigner_OpeningFcn(hObject, eventdata, handles, varargin)
% This function has no output args, see OutputFcn.
% hObject
handle to figure
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% varargin
command line arguments to DynamometerDesigner (see VARARGIN)
% Choose default command line output for DynamometerDesigner
handles.output = hObject;
% Update handles structure
guidata(hObject, handles);
% UIWAIT makes DynamometerDesigner wait for user response (see UIRESUME)
% uiwait(handles.figure1);
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% --- Outputs from this function are returned to the command line.
function varargout = DynamometerDesigner_OutputFcn(hObject, eventdata, handles)
% varargout cell array for returning output args (see VARARGOUT);
% hObject
handle to figure
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Get default command line output from handles structure
varargout{1} = handles.output;
imshow('cframe.png')
% --- Executes on button press in pushbutton1.
function pushbutton1_Callback(hObject, eventdata, handles)
% hObject
handle to pushbutton1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
%---------------------------------------------------------------------------------------------P=str2num(get(handles.edit1,'String')); %Power Watts
%
power input by the user and converted from string to a number
W=str2num(get(handles.edit2,'String')); %minimum rpms
%
min rpms input by the user and converted from string to a number
w=W*(2*pi)/60;
T=P/w;

%rad/s
%minimum torque N*m

set(handles.text5,'string',strcat('Minimum Torque (Nm) = ',num2str(T)))
%
Displays the value for min Torque to the user in text box 5
%
num2str converts the T value from a number to a string
%
strcat combines strings, so the units can be displayed with it
in=0.0254; %m
%
used for converting in. to meters
D=str2num(get(handles.edit4,'String'))*in; %diameter of soft iron pole (m)
%
diameter(in) input by the user and converted from string to a number
%
and from in. to meters
A=str2num(get(handles.edit5,'String'))*in; %radius of disk (m)
%
radius(in) input by the user and converted from string to a number
%
and from in. to meters
R=(A-(D/2)) %radius from center to cores (m)
d=str2num(get(handles.edit6,'String'))*in; %disk thickness (m)
%
thickness(in) input by the user and converted from string to a number
%
and from in. to meters
Fe=T/R
%Force
v=w*R;
%m/s
str=get(handles.popupmenu1, 'String')
%Passes all the strings to str as a cell
material=str(get(handles.popupmenu1,'Value'))
%Display the string for the currently selected item.
if strcmp('Copper',material) == 1
%compares selected string to Copper
%if same outputs 1
rho=1.678*10^-8 %specific resistance of disk (Cu)
else
rho=2.82*10^-8 %specific resistance of disk (Al)
end
c=0.5*(1-.25/((1+(R/A))^2*((A-R)/D)^2));
%
Ratio of Total Contour Resistance and Resistance
%
of contour part under pole
Bo=sqrt((4*Fe*rho)/(pi*(D^2)*d*c*v))
%Air Gap Induction at v=0 (Tesla)
%
Total Air Gap Induction at v=0 (Tesla)
stators=str2num(get(handles.edit7,'String')); %number of stators
%
# of stators input by the user and converted from string to a number
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B1=(1/stators)*Bo

%Magnetic Inductance of Each Stator Air Gap

mu0 = 4*pi*10^(-7); %Permeability of Free Space (Wb/(A*m)
mur = 200;
%Permeability of Iron Core (Wb/(A*m)
N = str2num(get(handles.edit11,'String')); %number of turns
%
# of turns input by the user and converted from string to a number
Ac = (D)^2;
%Area of Core (m^2)
g = str2num(get(handles.edit10,'String'))*in; % air gap (m)
%
air gap (in) input by the user and converted from string to a number
%
and from in. to meters
width = str2num(get(handles.edit8,'String'))*in; % width (m)
%
width (in) input by the user and converted from string to a number
%
and from in. to meters
length = str2num(get(handles.edit9,'String'))*in; % length (m)
%
length (in) input by the user and converted from string to a number
%
and from in. to meters
lc = ((width-D)*2)+((length-D)*2)-g %length of magnetic path (m)
Ag = Ac*1.05;
% 5 percent fringing
Rcore = lc/(mu0*mur*Ac) % Reluctance of the Core (A*turns/Wb)
Rg = g/(mu0*Ag)
% Reluctance of the Air Gap (A*turns/Wb)
Rtotal = Rcore + Rg
% Total Reluctance per Stator (A*turns/Wb)
Bg = B1;
Phi = Bg*Ag;
I = (Phi*Rtotal)/N

% Magnetic Inductance in Air Gap (Tesla)
% Magnetic Flux Per Stator (Wb)
% Currentin Stator Wire (A)

set(handles.text16,'string',strcat('Current in Stator Wire (A) = ',num2str(I)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
L=(length-(2*D))/in

% Length of Stator for coils to wrap (in)

strr=get(handles.popupmenu2, 'String')
%Passes all the strings to str as a cell
material=strr(get(handles.popupmenu2,'Value'))
%Display the string for the currently selected item.
if strcmp('12',material) == 1
%compares selected string to 12
%if same outputs 1
%wire diameter (in) 12 gauge
wd=0.081
elseif strcmp('14',material) == 1
%compares selected string to 14
%if same outputs 1
%wire diameter (in) 14 gauge
wd=0.0641
elseif strcmp('16',material) == 1
%compares selected string to 16
%if same outputs 1
%wire diameter (in) 16 gauge
wd=0.051
else
%wire diameter (in) 18 gauge
wd=0.04
end
t= L/wd %Turns per Layer
set(handles.text19,'string',strcat('Turns per Layer = ',num2str(t)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
Layers=N/t % Total Number of Layers
set(handles.text20,'string',strcat('Number of Layers = ',num2str(Layers)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
diam=wd*Layers*2+(D/in); %Total Coil Diameter (in)
set(handles.text21,'string',strcat('Total Coil Diameter (in) = ',num2str(diam)))
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%
%

Displays the value for current to the user in text box
converts value from a number to a string and combines strings

innerthickness=(diam/2)-(.5*(D/in)) % Thickness of coil inside c-frame
WL=(((((diam - (D/in))*.75))+1)^2)*t*Layers/12 %Approximate length of wire per stator(ft)
set(handles.text22,'string',strcat('Aproximate Length of Wire per Stator (ft) = ',num2str(WL)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
TWL=WL*stators %Approximate Total Length of Wire for Eddy Brake(ft)
set(handles.text23,'string',strcat('Approximate Total Length of Wire for Eddy Brake(ft) =
',num2str(TWL)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
p=1.68*10^-8;% Resistivity (Ohm*m) of Copper
Rs=p*((TWL*12)*in)/((pi*(wd*in)^2)/4) %Resistance of all Stator Coils (Ohms)
set(handles.text26,'string',strcat('Resistance of all Stator Coils (Ohms) = ',num2str(Rs)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
V=I*Rs %Power Supply Voltage Required (V)
set(handles.text24,'string',strcat('Power Supply Voltage Required (V) = ',num2str(V)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
Power=V*I %Power Supply Power Ratting Required (Watts)
set(handles.text25,'string',strcat('Power Supply Power Ratting Required (Watts) =
',num2str(Power)))
%
Displays the value for current to the user in text box
%
converts value from a number to a string and combines strings
Wmax =str2num(get(handles.edit12,'String')); %max rpms
%
max rpms input by the user and converted from string to a number
WW=[(W-10):1:Wmax]; %rpm range
w=WW*(2*pi)/60;
%rad/s
v=w*R;
%m/s
Fe=0.25*pi*(1/rho)*D^2*d*Bo^2*c*v; %Braking Force Per Speed
T_brake=Fe*R;

%Brake Torque Per Speed

T_motor=P./w;

%Motor Torque Per Speed

figure
plot(WW,T_brake,WW,T_motor,':' )
xlabel('W, (rpms)');
ylabel('Torque, (N*m)');
legend('Brake Torque','Motor Torque');
title('Torque Vs. RPMs')
function edit1_Callback(hObject, eventdata, handles)
% hObject
handle to edit1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit1 as text
%
str2double(get(hObject,'String')) returns contents of edit1 as a double

% --- Executes during object creation, after setting all properties.
function edit1_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
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function edit2_Callback(hObject, eventdata, handles)
% hObject
handle to edit2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit2 as text
%
str2double(get(hObject,'String')) returns contents of edit2 as a double
% --- Executes during object creation, after setting all properties.
function edit2_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
% --- Executes on selection change in popupmenu1.
function popupmenu1_Callback(hObject, eventdata, handles)
% hObject
handle to popupmenu1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu1 contents as cell array
%
contents{get(hObject,'Value')} returns selected item from popupmenu1

% --- Executes during object creation, after setting all properties.
function popupmenu1_CreateFcn(hObject, eventdata, handles)
% hObject
handle to popupmenu1 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: popupmenu controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit4_Callback(hObject, eventdata, handles)
% hObject
handle to edit4 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit4 as text
%
str2double(get(hObject,'String')) returns contents of edit4 as a double
% --- Executes during object creation, after setting all properties.
function edit4_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit4 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit5_Callback(hObject, eventdata, handles)
% hObject
handle to edit5 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB

105

% handles

structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of edit5 as text
%
str2double(get(hObject,'String')) returns contents of edit5 as a double
% --- Executes during object creation, after setting all properties.
function edit5_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit5 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit6_Callback(hObject, eventdata, handles)
% hObject
handle to edit6 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit6 as text
%
str2double(get(hObject,'String')) returns contents of edit6 as a double
% --- Executes during object creation, after setting all properties.
function edit6_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit6 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit7_Callback(hObject, eventdata, handles)
% hObject
handle to edit7 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit7 as text
%
str2double(get(hObject,'String')) returns contents of edit7 as a double
% --- Executes during object creation, after setting all properties.
function edit7_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit7 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit8_Callback(hObject, eventdata, handles)
% hObject
handle to edit8 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit8 as text
%
str2double(get(hObject,'String')) returns contents of edit8 as a double
% --- Executes during object creation, after setting all properties.
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function edit8_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit8 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit9_Callback(hObject, eventdata, handles)
% hObject
handle to edit9 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit9 as text
%
str2double(get(hObject,'String')) returns contents of edit9 as a double
% --- Executes during object creation, after setting all properties.
function edit9_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit9 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit10_Callback(hObject, eventdata, handles)
% hObject
handle to edit10 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit10 as text
%
str2double(get(hObject,'String')) returns contents of edit10 as a double
% --- Executes during object creation, after setting all properties.
function edit10_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit10 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
% --- Executes on selection change in popupmenu2.
function popupmenu2_Callback(hObject, eventdata, handles)
% hObject
handle to popupmenu2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: contents = cellstr(get(hObject,'String')) returns popupmenu2 contents as cell array
%
contents{get(hObject,'Value')} returns selected item from popupmenu2

% --- Executes during object creation, after setting all properties.
function popupmenu2_CreateFcn(hObject, eventdata, handles)
% hObject
handle to popupmenu2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: popupmenu controls usually have a white background on Windows.
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%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit11_Callback(hObject, eventdata, handles)
% hObject
handle to edit11 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit11 as text
%
str2double(get(hObject,'String')) returns contents of edit11 as a double
% --- Executes during object creation, after setting all properties.
function edit11_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit11 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end

function edit12_Callback(hObject, eventdata, handles)
% hObject
handle to edit12 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
structure with handles and user data (see GUIDATA)
% Hints: get(hObject,'String') returns contents of edit12 as text
%
str2double(get(hObject,'String')) returns contents of edit12 as a double
% --- Executes during object creation, after setting all properties.
function edit12_CreateFcn(hObject, eventdata, handles)
% hObject
handle to edit12 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles
empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
%
See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white');
end
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APPENDIX B
ENGINEERING DRAWING PACKET
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APPENDIX C
CALIBRATION DATA FOR TORQUE SENSOR
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APPENDIX D
RAW TEST DATA

Angular Velocity and Current Offset
Time(s)
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5
4.75
5
5.25
5.5
5.75
6
6.25
6.5
6.75
7

Angular Velocity (rad/sec)
15.20429936
15.15834163
15.15797134
14.72285615
14.72285615
10.00886203
9.521859038
16.27985628
16.27989147
16.27911528
16.31580699
14.11021124
9.648984632
10.65120804
15.15204085
16.20832557
16.20943727
16.23463997
16.23575167
9.372126125
10.33241926
16.62713338
16.62750367
16.73943233
16.58191706
16.58339906
16.55337842
16.60823104
16.60786075
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Current (A)
6.39
6.318
6.327
6.426
6.39
6.507
6.471
6.381
6.516
6.516
6.624
8.091
16.326
18.081
7.992
6.435
6.435
6.552
9.18
19.305
14.814
6.849
6.543
6.624
6.624
11.385
20.943
18.518
6.435

Angular Velocity and Current Synchronized
Time(s)
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5
4.75
5
5.25

Angular Velocity (rad/sec)
15.20429936
15.15834163
15.15797134
14.72285615
14.72285615
10.00886203
9.521859038
16.27985628
16.27989147
16.27911528
16.31580699
14.11021124
9.648984632
10.65120804
15.15204085
16.20832557
16.20943727
16.23463997
16.23575167
9.372126125
10.33241926
16.62713338

138

Current(A)
6.381
6.516
6.516
6.624
8.091
16.326
18.081
7.992
6.435
6.435
6.552
9.18
19.305
14.814
6.849
6.543
6.624
6.624
11.385
20.943
18.518
6.435

Efficiency Testing

RPM

Angular
Velocity
(rad/sec)

Power Out
(W)

2.616386

34.25

3.58665

2.688546

34.2783

3.58962

0.50

2.909681

34.2536

0.75

3.701109

1.00

Time
(s)

Torque
(Nm)

Voltage
(V)

Current
(A)

Power In
(W)

Efficiency

0.00
0.25

9.384068

24.03

5.472

131.492

7.136599

9.650853

23.994

5.607

134.534

7.173523

3.58702

10.43709

23.967

5.697

136.54

7.643982

34.2606

3.58776

13.27871

23.904

5.976

142.85

9.295543

3.214614

34.2359

3.58517

11.52494

23.85

6.192

147.679

7.804036

1.25

3.40316

44.0784

4.61588

15.70858

23.805

6.381

151.9

10.34142

1.50

3.531186

44.1138

4.61959

16.31262

23.814

6.327

150.671

10.82664

1.75

3.52653

44.0855

4.61662

16.28066

23.805

6.363

151.471

10.74835

2.00

4.392444

44.1138

4.61959

20.29128

23.796

6.39

152.056

13.34457

2.25

3.42411

44.082

4.61625

15.80656

23.778

6.453

153.439

10.3015

2.50

3.698782

51.5922

5.40272

19.98348

23.778

6.435

153.011

13.06013

2.75

3.945521

51.6276

5.40643

21.33117

23.742

6.57

155.985

13.67515

3.00

4.220193

51.5957

5.40309

22.80209

23.733

6.606

156.78

14.54399

3.25

3.729042

51.617

5.40532

20.15665

23.706

6.714

159.162

12.66423

3.50

3.538169

56.0622

5.87082

20.77196

23.715

6.651

157.728

13.16944

3.75

3.666194

56.0799

5.87267

21.53036

23.742

6.534

155.13

13.8789

4.00

4.527452

56.0799

5.87267

26.58825

23.724

6.597

156.507

16.98851

4.25

4.1201

56.1047

5.87527

24.2067

23.688

6.75

159.894

15.13922

4.50

3.861723

57.3116

6.00165

23.17672

23.661

6.849

162.054

14.30183

4.75

3.703437

57.3151

6.00202

22.22812

23.661

6.84

161.841

13.73452

5.00

4.750913

57.3045

6.00091

28.50981

23.661

6.84

161.841

17.61591

5.25

4.03863

57.3257

6.00314

24.24444

23.625

6.966

164.572

14.73184

5.50

4.061907

62.2948

6.52349

26.49783

23.625

6.966

164.572

16.10108

5.75

4.313302

62.2806

6.52201

28.13141

23.634

6.912

163.358

17.22069

6.00

4.532108

62.2912

6.52312

29.5635

23.607

7.038

166.146

17.79368

6.25

3.917589

62.2877

6.52275

25.55346

23.544

7.326

172.483

14.81503

6.50

3.745337

65.8375

6.89449

25.82219

23.562

7.209

169.858

15.20218

6.75

4.92782

65.834

6.89412

33.97299

23.58

7.119

167.866

20.23816

7.00

5.19318

65.8305

6.89375

35.80048

23.535

7.299

171.782

20.84065

7.25

4.061907

68.4212

7.16505

29.10376

23.535

7.326

172.417

16.87983

7.50

4.452965

68.4353

7.16653

31.91231

23.58

7.101

167.442

19.05877

7.75

4.806778

68.4495

7.16801

34.45505

23.535

7.299

171.782

20.05743

8.00

4.113117

71.7374
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